The high-energy glancing angle deposition of silicon dioxide films with alternation of deposition angle is studied using classical atomistic simulation. Both slow and fast alternations are investigated. The growth of vertical tree-like columns and chevron-like regular structures is demonstrated under fast and slow alternations, respectively. Due to high porosity, the density of the deposited silicon dioxide films is reduced to 1.3 ÷ 1.4 g/cm 3 . This results in reduction of the refractive index to 1.3, which agrees with known experimental data. For slow continuous substrate rotation, formation of a helical structure is demonstrated.
Introduction
Glancing angle deposition (GLAD) [1] is a promising technique for producing films with reduced refractive index and anisotropic properties [2] . Unlike normal deposition, in the GLAD technique, deposited particles move almost parallel to the substrate, which results in the formation of separate nanostructures [2] . The shape and size of these nanostructures depend on the deposition angle between the normal to the substrate and the direction of velocity of the deposited particles. The increase in deposition angle results in growth of film porosity and reduction of the film refractive index [1, 2] .
GLAD films are used in linear polarizers [3] , liquid crystal displays as alignment layers [4] , optical coatings with low reflectance [5] , and anti-reflection coatings for high power lasers [6] . GLAD, with alternation of deposition angle, ensures the fabrication of thin films for polarization rotators [7] , birefrigent reflectors [8] , and other optical devices requiring films with anisotropic properties and low refractive indexes.
For simulation of the GLAD films' growth, a ballistic model with Monte Carlo sampling has been widely used (see [9] [10] [11] [12] and also multiple references in these publications). In [11] , a 3D-ballistic simulator was applied to model the growth and morphology of GLAD films. It was revealed that the density of these films, normalized to the density of the typically deposited films, is approximately 0.4. The reason for low density of the GLAD films is the formation of isolated microcolumns in their internal structure [11] . In [12] , 3D ballistic simulation was applied to study self-shadowing and growth competition in the formation of GLAD film nanostructures. The model predicting the dependence of the angle between the columnar structures and the normal to the substrate (tilt angle) on the deposition conditions has been developed. The classical molecular dynamics (MD) method is used in [13] for simulation of a titanium film deposition. The number of deposited atoms was~10 4 . A coincidence was found in the calculated and experimental values of the saturated roughness exponent. In [14] , growth of a TiO 2 thin film is simulated using the MD and kinetic Monte Carlo methods. The formation of a slanted columnar structure is demonstrated for CLAD. The dependence of the main components of the anisotropic refractive index on the deposition conditions of GLAD-films is investigated using the anisotropic Bruggeman effective medium theory for many-component materials [15] .
The earlier-developed full-atomistic method [16] [17] [18] , based on classical molecular dynamics (MD), was applied to the study of GLAD SiO 2 films in [19] . The formation of slanted columnar structures under different deposition conditions was also investigated in [19] .
The main goal of this paper is to demonstrate that, at the current level of mathematical modeling, atomistic simulation of the deposition process becomes a reliable tool to predict the structural properties of GLAD films. We take into consideration the high-energy GLAD silicon dioxide films obtained with alternation of deposition angle. They are investigated using the simulation method developed in [16] [17] [18] [19] . Film deposition is simulated for cases of slow and fast alternations in the direction of flow of deposited particles. The simulation results are compared with experimental data.
Method
The film deposition process is simulated using an MD-based step-by-step procedure, as described in [16] [17] [18] . Clusters of the silica glass substrate are prepared by the melting-quenching method from an alpha-quartz crystal, as described in [16] . Horizontal dimensions of the small and large substrate clusters are 10 nm × 30 nm and 20 nm × 60 nm, respectively. The vertical dimension of both substrate clusters was kept at 6 nm. The empirical pairs-wise DESIL force field [20] is used for calculation of interatomic energy. It has been proven that the force field provides reliable reproduction of structural and mechanical properties of silica dioxide films deposited under different conditions [20] .
At each injection step, silicon and oxygen atoms with stoichiometric proportion of 1:2 are inserted randomly at the top of the simulation box. The total number of silicon and oxygen atoms directed to the substrate per injection step is equal to 180 and 720 for small and large substrate clusters, respectively. This ensures the same flux density of deposited atoms as in previous works [16] [17] [18] [19] . In this work, flux density was chosen so as to provide an optimal correlation between simulation time and accurate calculation of the relaxation processes caused by the deposited atoms. The initial values of the silicon and oxygen atoms' velocities correspond to the deposited atoms' kinetic energy. The experimental distribution of the sputtered atoms kinetic energy is described by Thomson formula [21] with the maximum being equal to half of the surface binding energy, which is approximately 2.5 eV for the case of the silicon target. Our previous simulations [19] revealed that the structure of GLAD films varies significantly when the energy of sputtered silicon atoms increases from 1.0 to 10 eV. In this work, we focus our attention on studying how high-energy sputtered atoms effect film structures. For this reason, the kinetic energy of silicon atoms is chosen as 10 eV. This value takes into account the high-energy part of the Thomson distribution. The same value of sputtered atoms energy is used in [14] for simulation of the high-energy deposition of titanium dioxide films. Since the tilt angle essentially depends on the deposition angle, its divergence is not taken into account to demonstrate the formation of the chevron-like structure more clearly.
The inserted atoms that reflect from the substrate are removed from the simulation box after each injection step. The periodic boundary conditions are then applied. In each injection step, the NVT (constant number of particles, volume and temperature) ensemble is used. The vertical dimension of the simulation box is increased by 0.01 nm after each injection step in order to compensate for the growth of film thickness; the horizontal dimensions of the box remain unchanged. The Berendsen thermostat [22] is applied to keep the simulation cluster temperature, T = 300 K, constant. The duration of one injection step is 6 ps and the time step of MD modeling is 0.5 fs. The maximum value of deposited film thicknesses is about 40 nm. MD simulation is performed using the GROMACS package [23] and visual analysis of the atomistic structures using the Visual Molecular Dynamic (VMD) [24] package.
The initial values of the deposited Si atoms' velocities are specified as follows (see also Figure 1 ):
where α = 80 • is the deposition angle, υ 0 corresponds to the initial kinetic energy 10 eV of Si atoms, β = ± 90 • for the case of angle alternation and β = ωt + 90 • for the case of the continuous rotation, ω is rotation speed, [ω] = rev/min, and t is deposition time. The deposition angle alternation is considered as the periodical variation of the deposition angle sign (see the left part of Figure 1 ). This alternation is treated as a step-wise substrate rotation under the condition that rotation time is much less than the time interval between subsequent alternations.
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Results and Discussion
The shape of the growing structures depends on the relationship between the deposition rate and rotation speed ω in the case of continuous rotation and on the time interval between subsequent alternations in the case of step-wise rotation [26] . If the deposition direction varies slowly compared to the deposition rate, helical or two-fold chevron structures grow on the substrate [26] . The opposite case corresponds to fast substrate rotation or fast alternation and results in the growth of vertical columnar structures [27] . These two regimes can be described using the following dimensionless parameter:
Where r is the deposition rate,  is the time interval between subsequent alternations and  = 1/ω in the case of continuous rotation, L is the average value of the horizontal dimension of the growing sculptured structure. In fact, the numerator in Equation (2) is the vertical thickness of the film, deposited during the time interval corresponding to one rotation or one deposition angle alternation. In the following, we assume that small values of ε correspond to fast rotation or alternation, large values of ε correspond to slow rotation or alternation and ε  1 sets the boundary between these two regimes.
In the atomistic simulation of the GLAD process, it is convenient to define the value of ε in terms of the number of injection steps (see Section 2). Let h1, t1 and n be the thickness of layer deposited per cycle, the duration of one cycle, and the number of injection steps between subsequent deposition angle alternations. Then r = h1/t1 and  = t1n. As was revealed in earlier simulations [19] , approximately 3000 injection steps are enough to obtain a film with thickness of about 30 nm. On the other hand, the average thickness of the slanted columns forming in the GLAD process is about 5 nm [19] . Substituting these values in Equation (2), we obtain:
Thus, ε  1 if the number of the injection steps between subsequent alternations is about 500. Results of the GLAD simulation with alternation of the deposition angle are presented in Figures  2 and 3 . In accordance with the estimations presented above, the values of n from 100 to 300 correspond to the case of fast alternation. As is seen in Figures 2 and 3 , in this case, vertical tree-like The simulation was carried out using equipment at the shared research facilities of high performance computing resources at Lomonosov Moscow State University [25] .
where r is the deposition rate, τ is the time interval between subsequent alternations and τ = 1/ω in the case of continuous rotation, L is the average value of the horizontal dimension of the growing sculptured structure. In fact, the numerator in Equation (2) is the vertical thickness of the film, deposited during the time interval corresponding to one rotation or one deposition angle alternation. In the following, we assume that small values of ε correspond to fast rotation or alternation, large values of ε correspond to slow rotation or alternation and ε ≈ 1 sets the boundary between these two regimes.
In the atomistic simulation of the GLAD process, it is convenient to define the value of ε in terms of the number of injection steps (see Section 2). Let h 1 , t 1 and n be the thickness of layer deposited per cycle, the duration of one cycle, and the number of injection steps between subsequent deposition angle alternations. Then r = h 1 /t 1 and τ = t 1 n. As was revealed in earlier simulations [19] , approximately 3000 injection steps are enough to obtain a film with thickness of about 30 nm. On the other hand, the average thickness of the slanted columns forming in the GLAD process is about 5 nm [19] . Substituting these values in Equation (2), we obtain: ε = n/500
Thus, ε ≈ 1 if the number of the injection steps between subsequent alternations is about 500. Results of the GLAD simulation with alternation of the deposition angle are presented in Figures 2  and 3 . In accordance with the estimations presented above, the values of n from 100 to 300 correspond to the case of fast alternation. As is seen in Figures 2 and 3 , in this case, vertical tree-like columns are formed. Horizontal dimensions of these columns are close to those obtained earlier in simulation of GLAD without angle alternation [19] .
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3D views of final film clusters deposited on large substrates are shown in Figure 3 . Side views in the X-Z plane complement 3D views in order to clearly demonstrate tree-like and chevron-like structures. The increase of n from 500 to 1000 results in more pronounced similarity of the growing film structure to the set of chevrons. The vertical step of these chevrons is about 20 nm (right part in Figure 3 ), which is about three times more than their thickness Lx  6 nm in the X direction. simulation of GLAD without angle alternation [19] . Deposition with n = 400 results in the formation of an intermediate structure between the treelike and chevron-like structures. The increase of n to 500 results in a clearly visible regular two-fold chevron vertical structure.
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To calculate the density profiles (Figure 4) , the final atomistic cluster is divided into horizontal layers with thickness ∆z = 1 nm. The density ρ of each layer is calculated as follows:
where N a is Avogadro number, N is the number of SiO 2 groups in the considered layer, µ = 60 g/mol is the molar weight of the SiO 2 , S is the surface area of the considered cluster (S = 300 nm 2 and S = 1200 nm 2 for the small and large substrate clusters, respectively). All values are substituted in Equation (4) To calculate the density profiles (Figure 4) , the final atomistic cluster is divided into horizontal layers with thickness Δz = 1 nm. The density  of each layer is calculated as follows:
where Na is Avogadro number, N is the number of SiO2 groups in the considered layer,  = 60 g/mol is the molar weight of the SiO2, S is the surface area of the considered cluster (S = 300 nm 2 and S = 1200 nm 2 for the small and large substrate clusters, respectively). All values are substituted in Equation (4) using the International System of Units. Unlike the density profile of normally deposited film (dotted black curve at the right part of Figure 4 ), the GLAD films' density profiles vary noticeably with the growth of vertical coordinate z. We assume that the density decrease at the beginning of film deposition relates to the initial stage of the tree-like structure growth. Further density irregularities are due to irregularities of the simulated structures (see Figure 3 ). The thicknesses of the transition layers between substrate and film is about 10 nm, which exceeds the thicknesses of the transition layers between film and air. Density values, averaged over the interval from z = 10 nm to z = 30 nm, where z is the vertical coordinate, are presented in Table 1 . In all cases, the densities of GLAD films are essentially lower than the density of the normally deposited film-2.4 (g/cm 3 ) [19] . Basing on the relationship between film density and refractive index [28] , the value of refractive index in the case of GLAD films is estimated as 1.3, which is close to the published experimental value [29] .
In our simulations, no regular dependence of  on the number of injection steps n has been revealed. Density profiles fluctuate around their average values. We suppose that these fluctuations are connected with the relatively small volumes of the deposited clusters. The reduction of fluctuations with the growth of substrate dimensions from 10 nm × 30 nm to 20 nm × 60 nm confirms this supposition. Unlike the density profile of normally deposited film (dotted black curve at the right part of Figure 4 ), the GLAD films' density profiles vary noticeably with the growth of vertical coordinate z. We assume that the density decrease at the beginning of film deposition relates to the initial stage of the tree-like structure growth. Further density irregularities are due to irregularities of the simulated structures (see Figure 3 ). The thicknesses of the transition layers between substrate and film is about 10 nm, which exceeds the thicknesses of the transition layers between film and air.
Density values, averaged over the interval from z = 10 nm to z = 30 nm, where z is the vertical coordinate, are presented in Table 1 . In all cases, the densities of GLAD films are essentially lower than the density of the normally deposited film-2.4 (g/cm 3 ) [19] . Basing on the relationship between film density and refractive index [28] , the value of refractive index in the case of GLAD films is estimated as 1.3, which is close to the published experimental value [29] . Table 1 . Density ρ (g/cm 3 ) of films deposited on the small and large substrate clusters (Figures 2 and 3) ; n is the number of injection steps between subsequent alternations of the deposition angle. In our simulations, no regular dependence of ρ on the number of injection steps n has been revealed. Density profiles fluctuate around their average values. We suppose that these fluctuations are connected with the relatively small volumes of the deposited clusters. The reduction of fluctuations with the growth of substrate dimensions from 10 nm × 30 nm to 20 nm × 60 nm confirms this supposition.
Subst
The case of continuous substrate rotation has been also investigated. As in the case of GLAD with altering deposition angles, the shape of the growing structure essentially depends on the rotation speed [27] . In the presented work, the case of slow continuous rotation is considered. The rotation speed ω is specified, such that one rotation takes n = 2000 deposition cycles.
The resulting structure is shown in Figure 5 . In contrast to Figures 2 and 3 , only a free volume of the deposited structure is shown in this figure while the film matter is considered as transparent. This method of visualization presents the cluster structure more clearly than the traditional one. As expected, the slow rotation results in the formation of a helical structure. Because of the small size of the substrate (15 nm for both horizontal dimensions), only one helix is obtained. The helix makes approximately one complete rotation in the horizontal plane accordingly to the specified value of ω. The investigation of helical structures in more detail requires simulations with clusters of larger dimensions and can be performed in future when the practical potential of such structures become more evident.
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Conclusions
The atomistic simulation of SiO 2 GLAD films with alternation of the deposition angle is carried out in this paper. The energy of the deposited Si atom is 10 eV and deposition angle is 80 • . Based on the introduced dimensionless criteria, cases of slow and fast alternation are investigated separately. In accordance with the existing experimental data, it has been found that slow alternation results in the growth of vertical tree-like columns, while fast alternation leads to the formation of chevron-like regular structures with vertical step of about 20 nm. The densities of deposited films vary in the interval 1.3 ÷ 1.4 g/cm 3 , which corresponds to the reduction of the refractive index to 1.3. The case of slow continuous rotation with the same deposition angle, 80 • , is studied. The formation of the helical structure is also demonstrated. These results are in accordance with known experimental data. As a whole, the presented results demonstrate that at the current level of mathematical modeling, atomistic simulation of the deposition process becomes a reliable tool to predict thin film structural properties, depending on various parameters of the process. 
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